Introduction
Game-theoretical models have been key for analysing which conditions favour the evolution of cooperation, an important precedent for sociality, in recent decades (Broom & Rychtář, 2013; Nowak, 2006 ). An especially relevant game for studying cooperation is the classic Prisoner's Dilemma (PD). Within this two-player game, each individual chooses one strategy: cooperation or defection. Cooperators help others but pay a cost to do so, while defectors neither provide benefits nor pay costs but do benefit from cooperators. While mutual cooperation would result in the highest total payoff for all individuals, an individual's own ABSTRACT Evolutionary game theory and the Prisoner's Dilemma (PD) Game in particular have been used to study the evolution of cooperation. We consider a population of asexually reproducing, age-structured individuals in a two-dimensional square-lattice structure. The individuals employ fixed cooperative or defecting strategy towards their neighbours in repeating interactions to accumulate reproductive fitness. We focus on the effects of the persistence of past interactions and interactive neighbourhood size on the evolution of cooperation. We show that larger neighbourhood sizes are generally detrimental to cooperation and that the persistence of fitness effects decreases the likelihood of the evolution of cooperation in small neighbourhoods. However, for larger neighbourhood sizes the persistence effect is reversed. Thus, our study corroborates earlier studies that population structure increases the evolutionary potential for cooperative behaviour in a PD paradigm. This finding may explain the heterogeneity of previous results on the effect of neighbourhood size and cautions that the persistence of fitness outcomes needs to be considered in analyses of the evolution of cooperative behaviour. The persistence of fitness outcomes of pairwise interactions may vary dramatically in biological and social systems and could have profound effects on the evolution of cooperation in various contexts. best strategy in the simple case is always to defect, regardless of the opponent's strategy. Thus, the evolution of cooperation is hard to explain without applying additional conditions. One mechanism that favours the evolution of cooperation is spatial structure within the population, which allows individuals to play the PD game with a subset of the entire population, rather than with every individual. Spatial structure within an iterated PD game has proven to allow cooperation to invade an all-defecting population, which is not possible without the spatial structure (Chiong et al., 2007; Nakamaru et al., 1997; Nowak & May, 1992; Pan et al., 2013; . Such structure also promotes cooperation within a non-iterated PD game by allowing local clusters of mutually reinforcing cooperators to overcome the cost that individual cooperators pay compared to defectors. Specifically, it has been found that cooperation can persist within a spatial structure 'if the benefit of the altruistic act, b, divided by the cost, c, exceeds the average number of neighbours' (Ohtsuki et al., 2006) ; in particular, if b > c.
Another mechanism that can promote cooperation within a population is allowing PD games to have a long-lasting effect (persistence) on an individual's reproductive fitness. In a one-dimensional spatial structure, persistence is actually necessary to sustain cooperation (Gelimson et al., 2013) . Furthermore, in ordered lattice spatial structures, persistence hinders the spread of defectors along the lattice, promoting cooperation in an iterated PD model (Alonso-Sanz, 2009a , 2009b . Note that persistence is different from a memory that allows individuals to adjust behaviour based on past interactions, or reputation of their interactants; although the memory can also promote the evolution of cooperation (Horvath et al., 2012; Moreira et al., 2013) .
Life history describes the schedule and duration of key events in an organism's lifetime, particularly the age-specific survival and reproductive schedule. Different life history structures have proven to affect the evolution of many traits, such as juvenile dispersal strategies, as well as helping behaviour and altruism (Lehmann & Rousset, 2010; Ronce et al., 2000; Wang, Zhu, & Arenzon, 2012) . Many studies have also examined age structure within various spatial structures in iterated PD models, examining the spread of cooperation in that regard (Irwin & Taylor, 2001; Taylor & Irwin, 2000) . The timing of life history events also affects the evolution of cooperation within pure strategy spatial PD games. Individuals with long post-reproductive life spans (humans, for example) are more likely to cooperate, and an increased ratio of post-reproductive to pre-reproductive lifespan also favours the spread of cooperation in a population (Ross et al., 2015) .
We aim to unite the mechanisms described above for the evolution of cooperation into one model to study their interaction and better understand how cooperation can evolve within a biological population with strictly vertical strategy transmission. Our model incorporates spatial structure in the form of a two-dimensional square-lattice. Individuals play the PD game with a number of potential neighbours set by varying sizes of neighbourhoods within the lattice structure. The population is age-structured: individuals move through pre-reproductive, reproductive and post-reproductive stages, and can also prematurely die within these stages at rates that we can manipulate. Our model allows both current and past interactions to determine the current reproductive fitness of an individual, and we can vary the degree of influence of past interactions. Fitness effects accrue incrementally throughout an individual's entire life but the persistence of past interaction effects varies (Gelimson et al., 2013) . Figure 1 . the evolutionary dynamics of fixed cooperation and defection strategies in a spatial population of asexuals playing in a PD paradigm to accrue fitness that determines their likelihood of reproduction. cooperators start as a small cluster, shown here in grey, in a population of defectors, shown in black. individuals become aged and die, creating some empty nodes (shown in white) that spark reproduction by one neighbouring individual. the effects of neighbourhood size and persistence of fitness effects of past interactions affecting reproduction were investigated. as exemplified here in a time series, the costs and benefits of cooperation were chosen to lead to the fixation of cooperation under most conditions. the snapshots show the start of the simulation with only a small cluster of cooperators, generation 233, when the cooperators reached over 50% for the first time and generation 765, when the cooperators reached over 90%
for the first time.
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We focus on the effects and interaction of neighbourhood size and persistence of fitness outcomes. Our model results suggest that the persistence of past interactions has a negative effect on the evolution of cooperation from an initially small cooperative cluster, when the neighbourhood size is one (Moore Neighbourhood). However, increasing the neighbourhood size reverses this relationship, promoting cooperation with increased persistence of fitness effects. In general, a larger neighbourhood size is detrimental to the spread of cooperation. Our results also suggest that the speed of the spread of cooperation is influenced by an interaction between neighbourhood size and persistence of past fitness effects.
Model
To collect our simulation data, we built a spatially organized population model in MATLAB that extends the stochastic model put forth by Ross et al. (2015) by incorporating the persistence effects.
Individuals occupy nodes on the vertices of a 50 by 50 square lattice with periodic boundaries. This lattice is already large enough to avoid potential random effects caused by small population sizes, yet it is small enough for simulations to finish in reasonable time. We have tested larger lattice sizes and received qualitatively similar results. Every one of the 2500 nodes can interact in pairwise fashion with various numbers of neighbouring nodes defined by N; most simply with a neighbourhood size N = 1, a Moore neighbourhood, the eight directly neighbouring nodes. The number of individuals in the population varies due to death events, and the average proportion of empty nodes after initialization is 1/6, which is determined by the average life length of an individual. These interactions determine reproductive fitness of an individual based on the PD pay-off matrix where b, c > 0. We used b = 1.2 and c = 0.2 throughout this paper so that b∕c > 4 in order to satisfy the criterion for the evolution of cooperation from Ohtsuki et al. (2006) . Small changes in b and c did not qualitatively change the outcomes. Each individual's strategy remains fixed throughout its life.
Our model updates stochastically. Each time step one node is chosen uniformly at random from the entire lattice and updated. If the chosen node is occupied, that individual progresses to the next life-history stage with a probability, p x , where d x = 1∕p x is the expected duration of life-history stage x.
The model includes pre-reproductive, reproductive and post-reproductive life-history stages, with durations d pre , d rep and d post , respectively. The average expected life duration (in the absence of any premature mortality factor) d life , is given by d pre + d rep + d post . We fix d pre = 1, d rep = 3 and d post = 1 to approximately mimic life-history stage proportions in humans (Nichols et al., 2006) . It should be noted that these lengths themselves affect the evolution of cooperation (Ross et al., 2015) . A transition from the last life-history stage results in the 'natural' death of the individual, but our individuals can also experience premature death in the pre-reproductive and reproductive stages. The mortality rate for stage x, denoted m x , is the probability that an individual dies before moving on to the next life stage. Thus, a probability that an individual in a pre-reproductive or reproductive stage x dies during an update is given by Every individual in our population collects pay-offs from the games with neighbouring individuals. The pay-offs from individual interactions contribute to the cumulative fitness of the individual. The fitness of an individual occupying node i is denoted f i , which is presumed to be f i = 1 when an individual is born. Whenever the individual occupying node i is updated, the cumulative fitness is updated by where 0 < ≤ 1 corresponds to the persistence of the effects of past interactions on current fitness and P(i, j) is the pay-off to an individual in i from the interaction with an individual in j. The exact pay-off values come from the PD pay-off matrix (1). If node i is currently empty, i.e. the individual previously occupying the node has died, the surrounding neighbours are assessed to determine which one will reproduce and fill the empty node with an offspring of identical strategy. If none of the neighbours are of reproductive age, the chosen node remains empty. Otherwise, a reproductive neighbour j is chosen with probability proportional to its fitness relative to the fitness of all other neighbours of reproductive age, where is an indicator of being in the reproductive stage. A pre-reproductive individual is placed in the empty node i with the same strategy as the individual selected for the reproduction and with fitness f i = 1.
We consider one generation to be equal to the average number of updates required to update every individual on the lattice from birth to death. Therefore, one generation is equivalent to 50 2 d life = 12, 500 individual updates. Each simulation was performed for a maximum of G max = 1000 generation, starting with an initial population comprised of mostly defectors and a cluster of cooperators representing no more than 2.5% of the population. The initial age structure of the population always reflected the relative lengths of the life-history stages (Ross et al., 2015) . Thus, initially 1/6 of nodes were empty, 1/6 contained pre-reproductive, 1/2 reproductive and 1/6 post-reproductive individuals.
An example of a specific simulation run is shown in Figure 1 . To examine the effects of persistence ( ), we ran 1000 repetitions varying from 0.1 to 1 in increments of 0.1. This method was repeated for neighbourhood sizes, N ∈ {1, 2, 3, 4}. Premature mortality is one stochastic mechanism that not only diminishes the persistence of fitness effects, but also creates more reproductive opportunities. To examine the effects of pre-reproductive mortality, m pre , we varied it between 0 and 0.5 in increments of 0.1, while Figure 2 . across all levels of persistence of fitness effects, the probability of cooperator fixation decreased strongly with increasing neighbourhood size. this well-known effect is due to the loss of spatial separation between cooperators and defectors that breaks down cooperative clusters. the number of generations required to reach the threshold of cooperator fixation is influenced by the fitness differential between cooperators and defectors and by the spatial range of reproduction. consequently, it shows a more complicated relationship with neighbourhood size, with a maximum at N = 2, m pre = 0.1, m rep = 0.1, ∈ {0.1, 0.2, … , 0.9, 1}. Figure 3 . the size of the neighbourhood for pairwise interactions (N) determined the effect of the persistence of fitness outcomes of past interactions on the probability of cooperator fixation. While persistence impacted the evolution of cooperation negatively in a moore neighbourhood, all studied larger neighbourhood sizes (N = 2, 3, 4) showed a positive relation between persistence and the probability for cooperation to become fixed in the population. m pre = 0.1, m rep = 0.1. Downloaded by [184.35.88 .136] at 05:20 11 November 2015 simultaneously varying the persistence, , from 0.1 to 1 with N = 1, for 1000 independent replicate simulations.
For each simulation, we recorded the final proportion of cooperators in the population, and how many generations were required to reach cooperator fixation, if it occurred. Based on the preliminary trials, we determined that once cooperators reached 10% of the total population, cooperation was established enough to inevitably fixate. For this reason, we terminated simulations before G max when 10% cooperation (cooperator fixation) or 0% cooperation (defector fixation) was reached. We then calculated the probability of cooperator fixation for a given scenario as the percentage of replicate simulations in which cooperation exceeded the 10% threshold, P fix . In addition, we calculated the fixation time, T fix , as the average number of generations required to reach the 10% threshold. The effect of each investigated parameter on these outcomes was evaluated separately by linear regression in SPSS (IBM), reporting unstandardized coefficients with their standard error and adjusted r 2 values. 
Results
Across all persistence levels, the size of the neighbourhood decreased the probability of the evolution of cooperation but its effect on the speed of cooperator fixation was more complicated (Figure 2 ).
The initial model, employing a Moore neighbourhood (N = 1), indicated a negative effect of fitness persistence on the evolution of cooperation ( Figure 3 , left panel; B = −0.07 ± 0.02, r 2 = 0.66, n = 9, p = 0.003). However, the effect of fitness persistence was opposite for the three other neighbourhood sizes, increasing the probability of cooperator fixation. For a neighbourhood size of N = 2, B = 0.06 ± 0.02, r 2 = 0.51, n = 9, p = 0.012, for N = 3, B = 0.14 ± 0.01, r 2 = 0.91, n = 9, p < 0.001 and for N = 4, B = 0.09 ± 0.02, r 2 = 0.61, n = 9, p = 0.005 (Figure 3, right panel) .
Across all cases that led to the fixation of cooperation, the time required for the 10% threshold to be reached, T fix , was significantly affected by neither persistence nor the neighbourhood size, N ( : B = 7.8 ± 4.9, p = 0.122; N: B = 1.0 ± 1.3, p = 0.449; r 2 = 0.03, n = 40, p = 0.227). However, analysed separately, the original Moore neighbourhood model indicated a strong positive effect of persistence on T fix (B = 24.2 ± 3.5, r 2 = 0.84, n = 9, p < 0.001). This effect turned negative with increasing neighbourhood size (Figure 4) , although none of the remaining analysis indicated significance (N = 2, B = 8.6 ± 4.3, r 2 = 0.25, n = 9, p = 0.078, for N = 3, B = 3.5 ± 3.2, r 2 = 0.02, n = 9, p = 0.304 and for N = 4, B = −5.2 ± 4.2, r 2 = 0.05, n = 9, p = 0.260). Across all scenarios, P fix and T fix were negatively correlated (r = −0.41, n = 40, p = 0.008).
Simultaneous evaluation of premature mortality and the persistence of fitness effects in a Moore neighbourhood indicated an overall negative effect of both (m pre : B = −0.11 ± 0.05, p = 0.035; w: B = −0.14 ± 0.03, p < 0.001; r 2 = 0.30, n = 60, p < 0.001). While the negative effect of persistence was consistent across all levels of mortality (Figure 5 ), the effects of premature mortality varied across the levels of persistence (Figure 6 ). In these simulations, the time required for cooperator fixation, C gen , was decreased by premature Downloaded by [184.35.88 .136] at 05:20 11 November 2015 mortality and increased by the persistence of fitness effects (m pre : B = −13.8 ± 4.0, p = 0.001; w: B = 26.7 ± 2.4, p < 0.001; r 2 = 0.70, n = 60, p < 0.001). Across all scenarios, P fix and T fix were significantly correlated (r = −0.44, n = 60, p < 0.001).
Discussion
Our results show that the persistence of fitness effects of past interactions can impair the evolution of cooperation under certain circumstance. We also show that a larger neighbourhood size decreases the probability for cooperation to evolve in general. However, neighbourhood size and persistence of fitness effects interact. In larger neighbourhoods, the effect of persistence reverses, favouring the evolution of cooperation. Contrary to our prediction, premature mortality did not exhibit a clear effect on the evolution of cooperation.
Our results indicate that persisting fitness effects of past interactions is detrimental to the spread of cooperation in a neighbourhood size of one. In this case, the speed at which cooperation spreads through the population (when it does) is also slowed by increasing the persistence of fitness outcomes of past interactions. In larger neighbourhood sizes, however, increased persistence increases the probability of the evolution of cooperation and the negative effect of persistence on the speed of cooperator fixation also weakens with increasing neighbourhood size accordingly.
For 1 ≤ N ≤ 4, increasing N decreases the fixation probability of cooperation. This result has been well studied (Nowak, 2006; Ohtsuki et al., 2006; Ross et al., 2013) . Larger neighbourhood size blurs the boundary between cooperators and defectors, allowing more defectors to benefit from cooperators in the cluster. As the neighbourhood size increases, the population approaches being well mixed, which is detrimental to cooperation. Increasing neighbourhood size also allows the possibility of defectors reproducing into the interior of the cluster, where defector fitness is especially high. The added benefit to the defectors near the boundaries overcomes the benefit the cooperators receive from interacting with more cooperators, decreasing the probability that cooperators can establish themselves in the population.
The fixation probability is strongly influenced by the initial generations when the small cooperative starting cluster either grows or dies out. This critical initiation phase in our model may explain why our results on fitness persistence in a Moore neighbourhood impeded the evolution of cooperation in contrast to a previous study Gelimson et al. (2013) . A similar result is mentioned briefly in Alonso-Sanz (2009a, Figure 4) , in which the cooperative population initially plummets, and the persistence does not seem to help cooperation to establish itself. If N = 1, only reproduction occurring directly on the boundary of the cooperating cluster influences the proportion of cooperators and defectors in the population. Increased persistence of fitness effects functionally increases the neighbourhood size by extending it to past neighbours that may have died in the time between their interaction with the focal individual and reproduction of the focal individual. This effect benefits the defectors and hurts the cooperators at the boundaries, allowing the defectors to break down the initially small cooperative cluster. This effect impacts the simulation less with physically larger neighbourhood sizes and thus a positive relation between persistence and cooperator evolution is observed, as in other studies (Alonso-Sanz, 2009b; Gelimson et al., 2013) .
Similarly to the fixation probability, the number of generations required to reach the threshold for cooperator fixation is affected by an interaction between neighbourhood size Downloaded by [184.35.88 .136] at 05:20 11 November 2015 and persistence of fitness effects: In small physical neighbourhoods the effect of integrating neighbourhoods over time decreases the speed at which cooperation spreads through the population by effectively increasing the functional neighbourhood size. Our model leads to a rapid spread of cooperation when a Moore neighbourhood is employed because the tight cluster strongly favours cooperation. In this case, persistent fitness effects slow the spread of cooperation at the boundary of the cooperative cluster by accounting for past interactions. Employing larger neighbourhood sizes allows individuals to access interior nodes across the boundary and decreases the benefit of the cooperative cluster at the boundary. The former makes persistence beneficial for cooperation because it prevents intrusion of defectors into the cooperative cluster. The latter decreases the negative effect of persistence on the speed of the spread of the cooperative cluster. Thus, both factors are important for explaining the interaction between neighbourhood size and the persistence of fitness effects.
Pre-reproductive mortality is in many species a considerable selective factor (Finch, 1994) . We introduced premature mortality during the pre-reproductive phase, as a natural variable that eliminates individuals irrespective of fitness accumulation and can stochastically create more reproductive opportunities in the population. The negative effect of fitness persistence on the evolution of cooperators in a Moore neighbourhood model was confirmed by this second set of simulations. Moreover, different levels of pre-reproductive mortality seem not to affect this relation in a systematic fashion. Pre-reproductive mortality decreased the probability of cooperator fixation overall, although it did not vary between cooperators and defectors. The effect was observed in most but not all levels of fitness persistence, no clear pattern emerged on the interaction between fitness persistence and pre-reproductive mortality. The overall effect occurs most likely by increasing the stochasticity of the system through increased mortality, which can lead to the extinction of the initially small cooperative cluster even in scenarios when cooperation would be favoured in the long term. This interpretation is supported by the result that pre-reproductive mortality decreases the number of generations required for the fixation of cooperators.
Our model seeks to emulate populations of biological species with a natural life history and strictly vertical inheritance of behavioural strategies (Ross et al., 2013 (Ross et al., , 2015 . However, we make several assumptions regarding the persistence of fitness effects (fitness collection) and reproduction that might affect the generality of our results. One assumption is that fitness is cumulative and not averaged over the number of neighbours an individual has upon fitness collection. Thus, individuals with more live neighbours are more fit than individuals with empty neighbouring nodes. While this may hold true in some biological systems (Carter & Wilkinson, 2013) in other species available space in adjacent territory may increase personal fitness by decreasing intra-specific competition. The way, we evaluate fitness could affect the reproductive behaviour of individuals, but it is unlikely to bias our results because mortality is independent of strategy or fitness and thus cooperators and defectors encounter empty nodes at similar rates. The simplification that fitness affects only reproduction but not mortality is not biologically realistic. Fitness effects on survival have been previously incorporated into the analysis of social evolution in a kin-selection framework (Pen, 2000; Taylor & Irwin, 2000) , but it remains to be elucidated how fitness-dependent mortality alters the evolution of cooperation in a strict PD paradigm. Another promising extension of our age-structured model is the incorporation of age-dependent costs and benefits in the PD game (Wang et al., 2012) , which also can be biologically justified (Lee, 2003 
